The influence of physical dimension of thermocouples on the performance of a thermoelectric cooler (TEC) driven by a thermoelectric generator (TEG) is investigated. The physical dimension parameters include the length and the cross-sectional area of thermocouples. The multiobjective analyses include stable electrical current, cooling capacity, coefficient of performance, maximum cooling capacity and maximum cooling temperature difference. A characteristic parameter, area length ratio, is adopted to describe the physical dimension of thermocouples, based on which the influences of the parameter are analyzed in three cases by detailed numerical examples. A practical example is proposed to show how to select appropriate thermoelectric modules (TEMs) to construct a high-performance TEG -TEC system satisfying different requests. The results show that an improvement in its performance is possible by optimizing internal physical dimension of thermocouples. The conclusion obtained could be used for the selection of TEMs and the design of TEG -TEC systems.
INTRODUCTION
Semiconductor thermoelectric generators (TEGs) and thermoelectric coolers (TECs) are solid-state energy converters, using the Seebeck effect and the Peltier effect, respectively, whose combination of thermal, electrical and semiconductor properties allows them to be used to convert waste heat into electricity or electrical power directly by cooling and heating [1] . That allows thermoelectric devices to have very interesting capabilities compared with conventional power generation and cooling systems [2] [3] [4] [5] .
Over the past 5 decades, the thermoelectric devices have been used practically in widespread fields, with the development of new thermoelectric materials with higher Peltier coefficients and increased coefficient of performance (COP) [6] . Many researchers are concerned about the physical properties of thermoelectric material and the manufacturing techniques of thermoelectric modules (TEMs) [7] [8] [9] [10] . In addition to the improvement of the thermoelectric material and module, the system analysis and optimization are equally important in designing high-performance TEGs and TECs. In general, conventional non-equilibrium thermodynamics [3, 11, 12] is used to analyze the performance of single-stage one-or multipleelement TEGs [13 -22] and TECs [23 -34] .
The TEG -TEC system is available and has much potential applications. It could be a highly compatible combination if special consideration is given to determining the correct ratio between the numbers of couples of each [35 -40] . It is different from the traditional thermoelectric systems which merely consist of TEGs or TECs. The available TEG -TEC system is investigated from the point of view of not only theoretical design but also practical application. For example, according to the Otto cycle, during the operation process, only about 30% energy released from consumed fuel is converted as propelling force, the remaining is either discharged by exhaust gas or expelled by the cooling system. Energy lost from the dispersed heat can be recovered by a TEG. The electric current generated by the TEG can drive a TEC to satisfy the requirements of food refrigeration or air conditioning. Chen et al. [35] and Khattab et al. [36] built a model of single-stage TEC driven by single-stage TEG, i.e. a single-stage TEG -TEC system, and analyzed the performance of the device. Meng and co-workers [37, 38] and Chen et al. [39, 40] built a model of single-stage thermoelectric heat pump driven by single-stage TEG [37, 40] a model of two-stage TEC driven by two-stage TEG, i.e. a twostage TEG-TEC system [38] , and a model of two-stage thermoelectric heat pump driven by two-stage TEG [39] , and optimized their performances. Many researchers investigated the physical dimension of thermocouples for a single module [41 -44] . However, there has been no investigation concerning the physical dimension of thermocouples for such combined thermoelectric devices published in open literature. Therefore, the present work aims to study the effect of physical dimension on the performance of the combined thermoelectric device. This paper provides multiobjective analyses of physical dimension on the performance of TEG-TEC system.
A CHARACTERISTIC PARAMETER WITH PHYSICAL DIMENSION
For some type of thermoelectric semiconductor material, the figure of merit is Z m ¼ a 2 s/k, where a, s and k are the Seebeck coefficient of thermocouple, the electrical conductivity (in m/V) and the thermal conductivity [in W/(K . m)] of the P-or N-type semiconductor material, respectively, and the subscript m denotes the type of a thermoelectric material.
The above formula is for a thermoelectric material. In the course of manufacture, for the given thermoelectric material, the property of the thermocouple may be different because the physical dimensions of the thermocouple are different. For a TEC, the cooling capacity (Q c , in W) of a thermocouple is [3] :
where I is electrical current (in A), a ¼ a P 2 a N , R ¼ R P þ R N and K ¼ K P þ K N are the Seebeck coefficient, the total internal electrical resistance (in V) and the total thermal conductance of a thermocouple (in W/K), respectively, T h and T c are temperature (in K) of cold and hot sides of the thermocouple. a P and a N are the Seebeck coefficients of the P-and N-type semiconductor leg, respectively. When Q c ¼ 0, the electrical current equals aT c /R, temperature difference between hot and cold sides reaches the maximum value:
where T d is the temperature difference and the figure of merit of a thermocouple is defined as Z c ¼ a 2 /(RK), where K is the total thermal conductance of a thermocouple (in W/K). The maximum temperature difference rises as the increase of Z c .
A thermocouple is shown in Figure 1 . For the P-type semiconductor leg, one has R P ¼ L P /(s P A P ), K P ¼ k P A P /L P and the N-type semiconductor leg is in like manner, where L and A are the length (in m) and cross-sectional area (in m 2 ) of a semiconductor leg. One can see that the figure of merit is not only the function of semiconductor material a, s, k, but also affected by the dimensions, A P , A N , L P and L N , of the thermocouple. For a thermoelectric manufactory, the types of thermoelectric material are limited. Therefore, it is more available to make various and high-performance TEMs using the given thermoelectric material to satisfy the requirements of different users.
A characteristic parameter, area length ratio (v, in m) [41] is adopted to describe the physical dimension as
In general, for similar doped alloys, one has ja P j % ja N j,
Usually, the physical dimensions of the P-and N-type semiconductor leg are the same for technology simplification. That is,
Substituting Equations (5) and (6) into Equation (1), one has the cooling capacity with physical dimension parameter v as
A TEM consists of a number of same thermocouples. Different modules are made with different physical dimensions ( Figure 2 ). Therefore, a problem is how to select appropriate TEMs to construct a high-performance TEG-TEC system satisfying different requirements. This is the major purpose of this research.
MODEL AND MULTIOBJECTIVE ANALYSES OF A TEG-TEC SYSTEM
A schematic diagram of a TEG -TEC system is shown in Figure 3 [35, 36] . The device consists of a TEG and a TEC in series. The DC power source of the TEC is the output current of the TEG.
Considering a practical well-designed thermoelectric device, the following assumptions are made to simplify the solution:
(1) The thermocouples are assumed to be insulated, both electrically and thermally, from its surroundings. (2) The thermocouples have identical properties and the material properties are considered to be independent on the temperature. (3) The thermal and electrical contact resistances between each contact surface are neglected. (4) The Thomson effect is neglected because it is a second-order effect.
The TEG consists of m 1 thermocouples. Each thermocouple is composed of a P-type and an N-type semiconductor leg. The Joulean loss generates an internal heat I 2 R 1 , where R 1 is the total internal electrical resistance of a thermocouple and I is the working electrical current generated from the thermocouples. The conduction heat loss is K 1 (T h1 2 T c1 ), where K 1 is the thermal conductance of a thermocouple; T h1 and T c1 is the temperature of hot and cold sides. The rates of heat flow through the hot side and the cold side are Q h1 and Q c1 .
The structure of the TEC is similar to the TEG. It consists of m 2 thermocouples. The total electrical resistance and thermal conductance of a thermocouple are R 2 and K 2 . The rates of heat flow through the hot and cold sides are Q h2 and Q c2 .
According to the theory of non-equilibrium thermodynamics [2] , for the TEG, one has
where a 1 ¼ a P1 2 a N1 , a P1 and a N1 are the Seebeck coefficients of the P-and N-type semiconductor legs for each TEG thermocouple, m is the number of thermocouples. For the TEC, one has
where a 2 ¼ a P2 2 a N2 , a P2 and a N2 are the Seebeck coefficients of the P-and N-type semiconductor legs for each TEC thermocouple.
It is assumed that the combined device is working at steady state. The overall system is a closed loop circuit, and the heat flow of the system is in balance, so one has
Same Substituting Equations (4), (5) and (6) into Equations (8) -(11) and then into Equation (12) , one can obtain the system stable electrical current I as follows
where
Substituting Equations (13) into Equation (11) gives the cooling capacity
Substituting Equation (13) into Equation (8) gives the rate of heat flow into the combined device
The COP can be calculated by Q c2 /Q h1 . When T c2 ! T h2 , the cooling capacity approaches the maximum. Substituting T c2 ¼ T h2 into Equation (14) gives the 
When Q c2 ! 0, the cooling temperature approaches the minimum. Making Equation (14) equals zero, one can solve the extreme cooling temperature, T c2 min , and then obtain the maximum cooling temperature difference by T d2 max ¼ T h2 2 T c2 min as follows
where I is given by Equation (13) . The foregoing four objective functions, i.e. cooling capacity Q c2 , maximum cooling capacity Q c2 max , COP, maximum cooling temperature difference T d2 max , can describe the performance of the combined device roundly. Q c2 and COP denote the performance for given T h1 , T c1 , T h2 and T c2 , while Q c2 max and T d2 max denote the performance limits for given T h1 , T c1 and T h2 . One or several of these can be selected depending on the different special requirements.
EFFECT OF PHYSICAL DIMENSION OF THERMOCOUPLES
As physical dimension is taken into account, there are two particular cases: one case is that the physical dimensions of the thermocouples of TEG and TEC are same, i.e. v 1 ¼ v 2 ; another case is that the physical dimensions of TEG and TEC are different, i.e. v 1 = v 2 . The two particular cases are analyzed. Table 1 lists the parameters of thermoelectric material and working conditions chosen in the calculations.
TEG and TEC with same physical dimension
Figures 4-6 show the characteristic of the electrical current, cooling capacity and maximum cooling capacity versus the area length ratio, v, in a given working condition.
One can see that the electrical current, the cooling capacity and maximum cooling capacity are in direct proportion to the area length ratio. They are all increasing functions of the area length ratio. However, the area length ratio has no effect on the COP and maximum cooling temperature difference. They all remain constant. That is, if the area length ratios of TEG and TEC change synchronously, the COP and cooling capacity remain constant. Comparing four curves in one figure, one can see that for fixed v, with the increase of x, the electrical current increases, the maximum cooling capacity decreases, while there is an optimal x corresponding to the cooling capacity. Figures 7-11 show the electrical current, cooling capacity, COP, maximum cooling capacity and maximum cooling temperature difference versus the TEG area length ratio v 1 in a Table 1 . Thermoelectric material parameters, dimension and working conditions. given working conditions. In the calculations, v 2 ¼ 4 mm is set.
Effects of TEG physical dimension
One can see that the electrical current is an increasing function of the TEG area length ratio for any x. When x , 0.8, the cooling capacity, maximum cooling capacity and maximum cooling temperature difference are all increasing functions of the of the TEG area length ratio. As v 1 ¼ A 1 /L 1 , increasing the cross-sectional area or decreasing the length of TEG thermocouples can increase the cooling capacity, maximum cooling capacity and maximum cooling temperature difference for a not large x. The cooling capacity, maximum cooling capacity and maximum cooling temperature difference smoothly transit from near zero at the low range of v 1 to approaching their limiting larger value as v 1 exceeds 20 mm. This means that too large area length ratio of the TEG is not necessary because the performance is improved little in a large range of v 1 . However, when x . 0.8, there will be optimal TEG area length ratios corresponding to the optimal cooling capacity and optimal maximum cooling temperature difference, respectively.
For any x, the COP is not a monotonic function of the TEG area length ratio. There is an optimum v 1 corresponding to the maximum COP. The optimum v 1 also changes with the ratio of number of thermocouples x. When the ratio of number of thermocouples x increases, the COP decreases while the optimum v 1 decreases.
For fixed junction temperatures T h1 , T c1 , T h2 , T c2 and fixed v 2 , there is a minimum v 1 corresponding to the zero-cooling capacity (Figures 8 and 9 ). The existence of minimum v 1 reflects the interaction of thermocouple dimension of the TEG and that of the TEC.
Comparing four curves in one figure, one can see that for a fixed area length ratio of the TEG, a larger ratio of number of thermocouples leads to a larger electrical current, a smaller COP, and a larger maximum cooling temperature difference.
Effects of TEC physical dimension
Figures 12 -16 show electrical current, cooling capacity, COP, maximum cooling capacity and maximum cooling temperature difference versus the TEC area length ratio v 2 in a given working conditions. In the calculations, v 1 ¼ 4 mm is set.
From Figures 12 and 15 , one can see that the electrical current and maximum cooling capacity are increasing functions of the TEC area length ratio. When the TEC area length ratio v 2 is high enough, the maximum cooling capacity increases slowly and approaches its limit. That is increasing the TEC area length ratio could improve the maximum cooling capacity, but there is a limit that cannot be overrun.
From Figures 13 and 14 , one can see that both the cooling capacity and COP have extreme values. There are two optimum TEC area length ratios corresponding to the maximum cooling capacity and the maximum COP, respectively. In general, the two optimum TEC area length ratios are different from each other.
The shape of the maximum cooling temperature difference curves are affected by the ratio of number of thermocouples x. When x is small, the smaller TEC area length ratio leads to larger maximum cooling temperature. When x exceeds a critical value, there will be an optimum TEC area length ratio corresponding to the maximum temperature difference. In this case, the critical value of x is between 0.6 and 0.7.
A PRACTICAL REPRESENTATIVE EXAMPLE
Parameters of two typical TEMs are shown in Table 2 . The two TEMs are made of same thermoelectric materials and different physical dimensions with 127 thermocouples.
Possible configurations and the corresponding performance are shown in Table 3 . The cooling capacity and COP are calculated at
The maximum of each row i.e. the optimal performance are underlined. From Table 3 , one can see that for larger COP, the configuration I-I or II-II is the best choice; for larger cooling capacity or larger maximum cooling capacity, the configuration I-I is the best choice; while for larger maximum cooling temperature difference, the configuration I-II is the best choice. 
CONCLUSIONS
The effects of physical dimension of thermocouples on the performance of TEG-TEC system are investigated in this paper. The results show that the performance improvement is possible by optimizing the internal physical dimension of the thermocouples. If the area length ratio of TEG and TEC change synchronously, the COP and cooling capacity remain constant while the electrical current, the cooling capacity and maximum cooling capacity are in direct proportion to the area length ratio. If the area length ratio of TEG and TEC are different from each other, they will be interacting with each other. For fixed TEC area length ratio, too large TEG area length ratio is not necessary because the performance is improved little in a large range of TEG area length ratio. The principles obtained could be helpful to select appropriate TEMs to construct a high-performance TEG-TEC system satisfying different requirements. The results obtained herein may provide guidelines for the design and application of practical, combined thermoelectric devices.
